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We discuss the predictions of a constrained version of the exceptional supersymmetric standard model
(cE6SSM), based on a universal high energy soft scalar mass m0, soft trilinear coupling A0 and soft
gaugino mass M1/2. We predict a supersymmetry (SUSY) spectrum containing a light gluino, a light wino-
like neutralino and chargino pair and a light bino-like neutralino, with other sparticle masses except the
lighter stop being much heavier. In addition, the cE6SSM allows the possibility of light exotic colour
triplet charge 1/3 fermions and scalars, leading to early exotic physics signals at the LHC. We focus on
the possibility of a Z ′ gauge boson with mass close to 1 TeV, and low values of (m0,M1/2), which would
correspond to an LHC discovery using “ﬁrst data”, and propose a set of benchmark points to illustrate
this.
© 2009 Elsevier B.V. Open access under CC BY license.1. Introduction
The minimal supersymmetric standard model (MSSM) [1] pro-
vides a very attractive supersymmetric extension of the standard
model (SM). Its superpotential contains the bilinear term μHdHu ,
where Hd,u are the two Higgs doublets which develop vacuum ex-
pectation values (VEVs) at the weak scale and μ is the supersym-
metric Higgs mass parameter which can be present before SUSY is
broken. However, despite its attractiveness, the MSSM suffers from
the μ problem: one would naturally expect μ to be either zero or
of the order of the Planck scale, while, in order to get the correct
pattern of electroweak symmetry breaking (EWSB), μ is required
to be in the TeV range.
It is well known that the μ term of the MSSM can be gen-
erated effectively by the low energy VEV of a singlet ﬁeld S via
the interaction λSHdHu . However, although an extra singlet super-
ﬁeld seems like a minor modiﬁcation to the MSSM, which does no
harm to either gauge coupling uniﬁcation or neutralino dark mat-
ter, its introduction leads to an additional accidental global U (1)
(Peccei–Quinn (PQ) [2]) symmetry which will result in a weak
scale massless axion when it is spontaneously broken by 〈S〉 [3].
Since such an axion has not been observed experimentally, it must
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Open access under CC BY license. be removed somehow. This can be done in several ways resulting
in different non-minimal SUSY models, each involving additional
ﬁelds and/or parameters [4,5]. For example, the classic solution to
this problem is to introduce a singlet term S3, as in the next-
to-minimal supersymmetric standard model (NMSSM) [4], which
reduces the PQ symmetry to the discrete symmetry Z3. However
the subsequent breaking of a discrete symmetry at the weak scale
can lead to cosmological domain walls which would overclose the
Universe.
A cosmologically safe solution to the axion problem of sin-
glet models, which we follow in this Letter, is to promote the
PQ symmetry to an Abelian U (1)′ gauge symmetry [6]. The idea
is that the extra gauge boson will eat the troublesome axion
via the Higgs mechanism resulting in a massive Z ′ at the TeV
scale. The necessary U (1)′ gauge group could be a relic of the
breaking of some uniﬁed gauge group at high energies. Recall
that the uniﬁcation of gauge couplings in SUSY models allows
one to embed the gauge group of the SM into Grand Uniﬁed
Theories (GUTs) based on simple gauge groups such as SU(5),
SO(10) or E6. In particular the E6 symmetry can be broken to the
rank-5 subgroup SU(3)C × SU(2)L × U (1)Y × U (1)′ where in gen-
eral U (1)′ = U (1)χ cos θ + U (1)ψ sin θ [7], and the two anomaly-
free U (1)ψ and U (1)χ symmetries originate from the breakings
E6 → SO(10) × U (1)ψ , SO(10) → SU(5) × U (1)χ (for recent review
see [8]).
Within the class of E6 models there is a unique choice of
Abelian gauge group that allows zero charges for right-handed
neutrinos and thus large Majorana masses and a high scale see-
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θ = arctan√15, and deﬁnes the so-called exceptional supersym-
metric standard model (E6SSM) [9]. The extra U (1)N gauge sym-
metry survives to low energies and forbids a bilinear term μHdHu
in the superpotential but allows the interaction λSHdHu . At the
electroweak (EW) scale. the scalar component of the SM singlet
superﬁeld S acquires a non-zero VEV, 〈S〉 = s/√2, breaking U (1)N
and yielding an effective μ = λs/√2 term. Thus the μ problem in
the E6SSM is solved in a similar way to the NMSSM, but without
the accompanying problems of singlet tadpoles or domain walls.
In this model low energy anomalies are cancelled by complete 27
representations of E6 which survive to low energies, with E6 bro-
ken at the high energy GUT scale.
In this Letter we discuss some of the predictions of particu-
lar relevance to the LHC from a constrained version of the E6SSM
(cE6SSM), based on a universal high energy soft scalar mass m0,
soft trilinear coupling A0 and soft gaugino mass M1/2. Our pri-
mary focus is on the most urgent regions of parameter space
which involve low values of (m0,M1/2) and low Z ′ gauge boson
masses which would correspond to an early LHC discovery using
“ﬁrst data”. To illustrate these features we propose and discuss a
set of “early discovery” benchmark points, each associated with a
Z ′ gauge boson mass around 1 TeV and (m0,M1/2) below 1 TeV,
which would lead to an early indication of the cE6SSM at the LHC.
We ﬁnd a SUSY spectrum consisting of a light gluino of mass ∼M3,
a light wino-like neutralino and chargino pair of mass ∼M2, and
a light bino-like neutralino of mass ∼M1, where Mi are the low
energy gaugino masses, which are typically driven small by renor-
malisation group (RG) running. Sfermions are generally heavier, but
there can be an observable top squark. There may also be light ex-
otic colour triplet charge 1/3 fermions and scalars, whose masses
are controlled by independent Yukawa couplings. Some ﬁrst results
have already been trailed at conferences [10] and a longer paper
containing full details of the analysis is about to appear [11].
In Section 2 we brieﬂy review the E6SSM, then in Section 3
we introduce the cE6SSM. Section 4 describes the experimental
and theoretical constraints and Section 5 discusses the aforemen-
tioned predictions of the cE6SSM elucidated by ﬁve “early discov-
ery” benchmark points. Section 6 concludes the Letter.
2. The E6SSM
One of the most important issues in models with additional
Abelian gauge symmetries is the cancellation of anomalies. In E6
theories, if the surviving Abelian gauge group factor is a subgroup
of E6, and the low energy spectrum constitutes a complete 27 rep-
resentation of E6, then the anomalies are cancelled automatically.
The 27i of E6, each containing a quark and lepton family, decom-
pose under the SU(5) × U (1)N subgroup of E6 as follows:
27i → (10,1)i +
(
5∗,2
)
i +
(
5∗,−3)i + (5,−2)i
+ (1,5)i + (1,0)i . (1)
The ﬁrst and second quantities in the brackets are the SU(5) rep-
resentation and extra U (1)N charge while i is a family index that
runs from 1 to 3. From Eq. (1) we see that, in order to cancel
anomalies, the low energy (TeV scale) spectrum must contain three
extra copies of 5∗ + 5 of SU(5) in addition to the three quark
and lepton families in 5∗ + 10. To be precise, the ordinary SM
families which contain the doublets of left-handed quarks Q i and
leptons Li , right-handed up- and down-quarks (uci and d
c
i ) as well
as right-handed charged leptons, are assigned to (10,1)i + (5∗,2)i .
Right-handed neutrinos Nci should be associated with the last term
in Eq. (1), (1,0)i . The next-to-last term in Eq. (1), (1,5)i , represents
SM-type singlet ﬁelds Si which carry non-zero U (1)N charges andTable 1
The U (1)Y and U (1)N charges of matter ﬁelds in the E6SSM, where Q Ni and Q
Y
i are
here deﬁned with the correct E6 normalisation factor required for the RG analysis.
Q uc dc L ec Nc S H2 H1 D D H ′ H ′√
5
3 Q
Y
i
1
6 − 23 13 − 12 1 0 0 12 − 12 − 13 13 − 12 12√
40Q Ni 1 1 2 2 1 0 5 −2 −3 −2 −3 2 −2
therefore survive down to the EW scale. The three pairs of SU(2)-
doublets (Hdi and H
u
i ) that are contained in (5
∗,−3)i and (5,−2)i
have the quantum numbers of Higgs doublets, and we shall iden-
tify one of these pairs with the usual MSSM Higgs doublets, with
the other two pairs being “inert” Higgs doublets which do not get
VEVs. The other components of these SU(5) multiplets form colour
triplets of exotic quarks Di and Di with electric charges −1/3 and
+1/3 respectively. The matter content and correctly normalised
Abelian charge assignment are in Table 1.
We also require a further pair of superﬁelds H ′ and H ′ with
a mass term μ′H ′H ′ from incomplete extra 27′ and 27′ repre-
sentations to survive to low energies to ensure gauge coupling
uniﬁcation. Because H ′ and H ′ originate from 27′ and 27′ these
supermultiplets do not spoil anomaly cancellation in the consid-
ered model. Our analysis reveals that the uniﬁcation of the gauge
couplings in the E6SSM can be achieved for any phenomenolog-
ically acceptable value of α3(MZ ), consistent with the measured
low energy central value [12].2
Since right-handed neutrinos have zero charges they can ac-
quire very heavy Majorana masses. The heavy Majorana right-
handed neutrinos may decay into ﬁnal states with lepton number
L = ±1, thereby creating a lepton asymmetry in the early Universe.
Because the Yukawa couplings of exotic particles are not con-
strained by the neutrino oscillation data, substantial values of CP-
violating lepton asymmetries can be induced even for a relatively
small mass of the lightest right-handed neutrino (M1 ∼ 106 GeV)
so that successful thermal leptogenesis may be achieved without
encountering any gravitino problem [14].
The superpotential of the E6SSM involves a lot of new Yukawa
couplings in comparison to the SM. In general these new in-
teractions violate baryon number conservation and induce non-
diagonal ﬂavour transitions. To suppress baryon number violating
and ﬂavour changing processes one can postulate a Z H2 symme-
try under which all superﬁelds except one pair of Hdi and H
u
i (say
Hd ≡ Hd3 and Hu ≡ Hu3 ) and one SM-type singlet ﬁeld (S ≡ S3) are
odd. The Z H2 symmetry reduces the structure of the Yukawa inter-
actions, and an assumed hierarchical structure of the Yukawa in-
teractions allows to simplify the form of the E6SSM superpotential
substantially. Keeping only Yukawa interactions whose couplings
are allowed to be of order unity leaves us with
WE6SSM 
 λS(HdHu) + λα S
(
HdαH
u
α
)+ κi S(DiDi)
+ ht(HuQ )tc + hb(HdQ )bc + hτ (HdL)τ c
+ μ′(H ′H ′), (2)
where α,β = 1,2 and i = 1,2,3, and where the superﬁelds L = L3,
Q = Q 3, tc = uc3, bc = dc3 and τ c = ec3 belong to the third genera-
tion and λi , κi are dimensionless Yukawa couplings with λ ≡ λ3.
Here we assume that all right-handed neutrinos are relatively
heavy so that they can be integrated out.3 The SU(2)L doublets
2 The two superﬁelds H ′ and H ′ may be removed from the spectrum, thereby
avoiding the μ′ problem, leading to uniﬁcation at the string scale [13]. However we
shall not pursue this possibility in this Letter.
3 We shall ignore the presence of right-handed neutrinos in the subsequent RG
analysis.
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of Higgs ﬁelds generating the masses of quarks and leptons after
EWSB. The singlet ﬁeld S must also acquire a large VEV to induce
suﬃciently large masses for the Z ′ boson. The couplings λi and
κi should be large enough to ensure the exotic fermions are suf-
ﬁciently heavy to avoiding conﬂict with direct particle searches at
present and former accelerators. They should also be large enough
so that the evolution of the soft scalar mass m2S of the singlet ﬁeld
S results in negative values of m2S at low energies, triggering the
breakdown of the U (1)N symmetry.
However the Z H2 can only be approximate (otherwise the ex-
otics would not be able to decay). To prevent rapid proton decay
in the E6SSM a generalised deﬁnition of R-parity should be used.
We give two examples of possible symmetries that can achieve
that. If Hdi , H
u
i , Si , Di , Di and the quark superﬁelds (Q i,u
c
i ,d
c
i )
are even under a discrete Z L2 symmetry while the lepton super-
ﬁelds (Li, eci ,N
c
i ) are odd (Model I) then the allowed superpotential
is invariant with respect to a U (1)B global symmetry. The ex-
otic Di and Di are then identiﬁed as diquark and anti-diquark, i.e.
BD = −2/3 and BD = 2/3. An alternative possibility is to assume
that the exotic quarks Di and Di as well as lepton superﬁelds are
all odd under Z B2 whereas the others remain even. In this case
(Model II) the Di and Di are leptoquarks [9].
After the breakdown of the gauge symmetry, Hu , Hd and S
form three CP-even, one CP-odd and two charged states in the
Higgs spectrum. The mass of one CP-even Higgs particle is al-
ways very close to the Z ′ boson mass MZ ′ . The masses of an-
other CP-even, the CP-odd and the charged Higgs states are almost
degenerate. Furthermore, like in the MSSM and NMSSM, one of
the CP-even Higgs bosons is always light irrespective of the SUSY
breaking scale. However, in contrast with the MSSM, the light-
est Higgs boson in the E6SSM can be heavier than 110–120 GeV
even at tree level. In the two-loop approximation the lightest Higgs
boson mass does not exceed 150–155 GeV [9]. Thus the SM-like
Higgs boson in the E6SSM can be considerably heavier than in the
MSSM and NMSSM, since it contains a similar F-term contribution
as the NMSSM but with a larger maximum value for λ(mt) as it
is not bounded as strongly by the validity of perturbation theory
up to the GUT scale [9]. However in the considered “early discov-
ery” benchmark points in this Letter, it will always be close to the
current LEP2 limit.
3. The constrained E6SSM
The simpliﬁed superpotential of the E6SSM involves seven extra
couplings (μ′ , κi and λi) as compared with the MSSM with μ = 0.
The soft breakdown of SUSY gives rise to many new parameters.
The number of fundamental parameters can be reduced drastically
though within the constrained version of the E6SSM (cE6SSM).
Constrained SUSY models imply that all soft scalar masses are set
to be equal to m0 at some high energy scale MX , taken here to
be equal to the GUT scale, all gaugino masses Mi(MX ) are equal
to M1/2 and trilinear scalar couplings are such that Ai(MX ) = A0.
Thus the cE6SSM is characterised by the following set of Yukawa
couplings, which are allowed to be of the order of unity, and uni-
versal soft SUSY breaking terms,
λi(MX ), κi(MX ), ht(MX ), hb(MX ), hτ (MX ),
m0, M1/2, A0, (3)
where ht(MX ), hb(MX ) and hτ (MX ) are the usual t-quark, b-quark
and τ -lepton Yukawa couplings, and λi(MX ), κi(MX ) are the extra
Yukawa couplings deﬁned in Eq. (2). The universal soft scalar andtrilinear masses correspond to an assumed high energy soft SUSY
breaking potential of the universal form,
V soft =m2027i27∗i + A0Yijk27i27 j27k + h.c., (4)
where Yijk are generic Yukawa couplings from the trilinear terms
in Eq. (2) and the 27i represent generic ﬁelds from Eq. (1), and in
particular those which appear in Eq. (2). Since Z H2 symmetry for-
bids many terms in the superpotential of the E6SSM it also forbids
similar soft SUSY breaking terms in Eq. (4). To simplify our anal-
ysis we assume that all parameters in Eq. (3) are real and M1/2
is positive. In order to guarantee correct EWSB m20 has to be posi-
tive. The set of cE6SSM parameters in Eq. (3) should in principle be
supplemented by μ′ and the associated bilinear scalar coupling B ′ .
However, since μ′ is not constrained by the EWSB and the term
μ′H ′H ′ in the superpotential is not suppressed by E6, the parame-
ter μ′ will be assumed to be ∼10 TeV so that H ′ and H ′ decouple
from the rest of the particle spectrum. As a consequence the pa-
rameters B ′ and μ′ are irrelevant for our analysis.
To calculate the particle spectrum within the cE6SSM one must
ﬁnd sets of parameters which are consistent with both the high
scale universality constraints and the low scale EWSB constraints.
To evolve between these two scales we use two-loop renormalisa-
tion group equations (RGEs) for the gauge and Yukawa couplings
together with two-loop RGEs for Ma(Q ) and Ai(Q ) as well as
one-loop RGEs for m2i (Q ). Q is the renormalisation scale. The RGE
evolution is performed using a modiﬁed version of SOFTSUSY 2.0.5
[15] and the RGEs for the E6SSM are presented in a longer pa-
per [11]. The details of the procedure we followed are summarized
below.
1. The gauge and Yukawa couplings are determined indepen-
dently of the soft SUSY breaking mass parameters as follows:
(i) We choose input values for s = √2〈S〉 and tanβ = v2/v1
(where v2 and v1 are the usual VEVs of the Higgs ﬁelds Hu
and Hd) as deﬁned by our scenario.
(ii) We set the gauge couplings g1, g2 and g3 equal to the exper-
imentally measured values at MZ .
(iii) We ﬁx the low energy Yukawa couplings ht , hb , and hτ using
the relations between the running masses of the fermions of
the third generation and VEVs of the Higgs ﬁelds, i.e.
mt(Mt) = ht(Mt)v√
2
sinβ, mb(Mt) = hb(Mt)v√
2
cosβ,
mτ (Mt) = hτ (Mt)v√
2
cosβ. (5)
(iv) The gauge and Yukawa couplings are then evolved up to the
GUT scale MX . Using the beta functions for QED and QCD, the
gauge couplings are ﬁrst evolved up to mt . Since we are em-
ploying two-loop RGEs in the SUSY preserving sector, we in-
clude one estimated threshold scale for the masses of the su-
perpartners of the SM particles, TMSSM, and one for the masses
of the new exotic particles, TESSM. Since these are common
mass scales we neglect mass splitting within each group of
particles. So between mt and TMSSM we evolve these gauge
and Yukawa couplings with SM RGEs and between TMSSM and
TESSM we employ the MSSM RGEs. At TESSM the values of
E6SSM gauge and Yukawa couplings, g1, g2, g3, ht , hb and hτ ,
form a low energy boundary condition for what follows. Ini-
tial low energy estimates of the new E6SSM Yukawa couplings,
λi and κi are also input here, and all SUSY preserving cou-
plings are evolved up to the high scale using the two-loop
E6SSM RGEs.
(v) At the GUT scale MX we set g1(MX ) = g2(MX ) = g3(MX ) =
g′ (MX ) ≡ g0 and select values for κi(MX ) and λi(MX ), which1
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performed between MX and the low energy scale to obtain
the values of all the gauge and Yukawa couplings which are
consistent with our input values for κi(MX ), λi(MX ), gauge
coupling uniﬁcation and our low scale boundary conditions,
derived from experimental data.
2. Having completely determined the gauge and Yukawa cou-
plings, the low energy soft SUSY breaking parameters are then
determined semi-analytically as functions of the GUT scale values
of A0, M1/2 and m0. They take the form,
m2i (Q ) = ai(Q )M21/2 + bi(Q )A20 + ci(Q )A0M1/2 + di(Q )m20, (6)
Ai(Q ) = ei(Q )A0 + f i(Q )M1/2, (7)
Mi(Q ) = pi(Q )A0 + qi(Q )M1/2, (8)
where Q is the renormalisation scale. The coeﬃcients are un-
known but may be determined numerically at the low energy
scale, as follows:
(i) Set A0 = M1/2 = 0 at MX with m0 non-zero, and run the full
set of E6SSM parameters down to the low scale to yield the
coeﬃcients proportional to m20 in the expressions for the soft
SUSY breaking parameters.
(ii) Repeat for A0 and M1/2.
(iii) The coeﬃcient of the A0M1/2 term is determined using non-
zero values of both A0 and M1/2 at MX , using the results in
part (ii) to isolate this term.
3. Using the semi-analytic expressions for the soft masses from
step 2 above, we then impose conditions for correct EWSB at low
energy and determine sets of m0, M1/2 and A0 which are consis-
tent with EWSB, as follows:
(i) Working with the tree–level potential V0 (to start with) we
impose the minimisation conditions ∂V0
∂s = ∂V0∂v1 =
∂V0
∂v2
= 0
leading to a system of quadratic equations in m0, M1/2 and
A0. In this approximation, the equations can be reduced to
two second order equations with respect to A0 and M1/2
which can have up to four solutions for each set of Yukawa
couplings.
(ii) For each solution m0, M1/2 and A0, the low energy stop soft
mass parameters are determined and the one-loop Coleman–
Weinberg Higgs effective potential V1 is calculated. The new
minimisation conditions for V1 are then imposed, and new
solutions for m0, M1/2 and A0 are obtained.
(iii) The procedure in (ii) is then iterated until we ﬁnd stable so-
lutions. Some or all of the obtained solutions can be complex.
Here we restrict our consideration to the scenarios with real
values of fundamental parameters which do not induce any
CP-violating effects. For some values of tanβ , s and Yukawa
couplings the solutions with real A0, M1/2 and m0 do not ex-
ist. There is a substantial part of the parameter space where
there are only two solutions with real values of fundamental
parameters. However there are also some regions of the pa-
rameters where all four solutions of the non-linear algebraic
equations are real.
Although correct EWSB is not guaranteed in the cE6SSM, re-
markably, there are always solutions with real A0, M1/2 and m0
for suﬃciently large values of κi , which drive m2S negative. This is
easy to understand since the κi couple the singlet to a large mul-
tiplicity of coloured ﬁelds, thereby eﬃciently driving its squared
mass negative to trigger the breakdown of the gauge symmetry.4. Using the obtained solutions we calculate the masses of all
exotic and SUSY particles for each set of fundamental parameters
in Eq. (3).
Finally at the last stage of our analysis we vary Yukawa cou-
plings, tanβ and s to establish the qualitative pattern of the parti-
cle spectrum within the cE6SSM. To avoid any conﬂict with present
and former collider experiments as well as with recent cosmolog-
ical observations we impose the set of constraints speciﬁed in the
next section. These bounds restrict the allowed range of the pa-
rameter space in the cE6SSM.
4. Experimental and theoretical constraints
The experimental constraints applied in our analysis are: mh 
114 GeV, all sleptons and charginos are heavier than 100 GeV, all
squarks and gluinos have masses above 300 GeV and the Z ′ boson
has a mass which is larger than 861 GeV [16]. We also impose
the most conservative bound on the masses of exotic quarks and
squarks that comes from the HERA experiments [17], by requiring
them to be heavier than 300 GeV. Finally we require that the inert
Higgs and inert Higgsinos are heavier than 100 GeV to evade limits
on Higgsinos and charged Higgs bosons from LEP.
In addition to a set of bounds coming from the non-observation
of new particles in experiments we impose a few theoretical con-
straints. We require that the lightest SUSY particle (LSP) should be
a neutralino. We also restrict our consideration to values of the
Yukawa couplings λi(MX ), κi(MX ), ht(MX ), hb(MX ) and hτ (MX )
less than 3 to ensure the applicability of perturbation theory up to
the GUT scale.
In our exploration of the cE6SSM parameter space we ﬁrst
looked at scenarios with a universal coupling between exotic
coloured superﬁelds and the third generation singlet ﬁeld S ,
κ(MX ) = κ1,2,3(MX ), and ﬁxed the inert Higgs couplings
λ1,2(MX ) = 0.1. In ﬁxing λ1,2 like this we are deliberately pre-
selecting for relatively light inert Higgsinos. The third generation
Yukawa λ = λ3 was allowed to vary along with κ . Splitting λ3
from λ1,2 seems reasonable since λ3 plays a very special role in
E6SSM models in forming the effective μ-term when S develops
a VEV. Eventually we allowed non-universal κi(MX ). For ﬁxed val-
ues of tanβ = 3, 10, 30, we scanned over s, κ , λ. From these input
parameters, the sets of soft mass parameters, A0, M1/2 and m0,
which are consistent with the correct breakdown of electroweak
symmetry, are found. We ﬁnd that for ﬁxed values of the Yukawas
the soft mass parameters scale with s, while if s and tanβ are
ﬁxed, varying the Yukawas, λ and κ , then produces a bounded re-
gion of allowed points. The value of s determines the location and
extent of the bounded regions. As s is increased the lowest val-
ues of m0 and M1/2, consistent with experimental searches and
EWSB requirements, increase. This is shown in Fig. 1 where the al-
lowed regions for three different values of the singlet VEV, s = 3,
4 and 5 TeV, are compared, with the allowed regions in red, green,
magenta respectively and the excluded regions in white. These re-
gions overlap since we are ﬁnding soft masses consistent with
EWSB conditions that have a non-linear dependence on the VEVs
and Yukawas.
5. Predictions of the cE6SSM
5.1. Overview of the spectrum and decay signatures
5.1.1. SUSY spectrum and signatures
From Fig. 1 we see that m0 > M1/2 for each value of s and
also that lower M1/2 is weakly correlated with lower s and thus
lower Z ′ masses. As is discussed in detail in Ref. [11] this bound is
caused, depending on the value of tanβ , either by the inert Higgs
452 P. Athron et al. / Physics Letters B 681 (2009) 448–456Fig. 1. Physical solutions with tanβ = 10, λ1,2 = 0.1, s = 3, 4, 5 TeV ﬁxed and λ ≡ λ3 and κ ≡ κ1,2,3 varying, which pass experimental constraints from LEP and Tevatron data.
On the left-hand side of each allowed region the chargino mass is less than 100 GeV, while underneath the inert Higgses are less than 100 GeV or becoming tachyonic. The
region ruled out immediately to the right of the allowed points is due to mh < 114 GeV. The results show that m0 > M1/2 for each value of s. They also show that higher
M1/2 are correlated with higher s (and thus higher Z ′ masses). (For interpretation of the references to colour in this ﬁgure, the reader is referred to the web version of this
Letter.)masses being driven below their experimental limit from negative
D-term contributions canceling the positive contribution from m0
or the light Higgs mass going below the LEP2 limit.
Another remarkable feature of the cE6SSM is that the low en-
ergy gluino mass parameter M3 is driven to be smaller than M1/2
by RG running. The reason for this is that the E6SSM has a much
larger (super)ﬁeld content than the MSSM (three 27’s instead of
three 16’s), so much so that at one-loop order the QCD beta func-
tion (accidentally) vanishes in the E6SSM, and at two loops it loses
asymptotic freedom (though the gauge couplings remain pertur-
bative at high energy). This implies that the low energy gaug-
ino masses are all less than M1/2 in the cE6SSM, being given
by roughly M3 ∼ 0.7M1/2, M2 ∼ 0.25M1/2, M1 ∼ 0.15M1/2. These
should be compared to the corresponding low energy values in the
MSSM, M3 ∼ 2.7M1/2, M2 ∼ 0.8M1/2, M1 ∼ 0.4M1/2. Thus, in the
cE6SSM, since the low energy gaugino masses Mi are driven by RG
running to be small, the lightest SUSY states will generally con-
sist of a light gluino of mass ∼M3, a light wino-like neutralino
and chargino pair of mass ∼M2, and a light bino-like neutralino
of mass ∼M1, which are typically all much lighter than the Hig-
gsino masses of order μ = λs/√2, where λ cannot be too small for
correct EWSB. Since m0 > M1/2 the squarks and sleptons are also
much heavier than the light gauginos.
Thus, throughout all cE6SSM regions of parameter space there
is the striking prediction that the lightest sparticles always in-
clude the gluino g˜ , the two lightest neutralinos χ01 , χ
0
2 , and a light
chargino χ±1 . Therefore pair production of χ
0
2χ
0
2 , χ
0
2χ
±
1 , χ
±
1 χ
∓
1
and g˜ g˜ should always be possible at the LHC irrespective of the
Z ′ mass. Due to the hierarchical spectrum, the gluinos can be
relatively narrow states with width Γg˜ ∝ M5g˜/m4q˜ , comparable to
that of W± and Z bosons. They will decay through g˜ → qq˜∗ →
qq¯ + EmissT , so gluino pair production will result in an appreciable
enhancement of the cross section for pp → qq¯qq¯+ EmissT + X , where
X refers to any number of light quark/gluon jets.
The second lightest neutralino decays through χ02 → χ01 + ll¯ and
so would produce an excess in pp → ll¯ll¯ + EmissT + X , which could
be observed at the LHC. Since all squarks and sleptons, as wellas new exotic particles, turn out to be rather heavy compared to
the low energy wino mass, the calculation of the branching ra-
tio Br(χ02 → χ01 + ll¯) is very similar to that in the MSSM. This
branching ratio in the MSSM is known to be very sensitive to the
choice of fundamental parameters of the model. For the type of
the neutralino spectra presented later, in which the second lightest
neutralino is approximately wino, the lightest neutralino is approx-
imately bino, and where the other sparticles are much heavier,
Br(χ02 → χ01 + ll¯) is known to vary from 1.5% to 6% [18].
5.1.2. Exotic spectrum and signatures
Other possible manifestations of the E6SSM at the LHC are re-
lated to the presence of a Z ′ and exotic multiplets of matter. The
production of a TeV scale Z ′ will provide an unmistakable and
spectacular LHC signal even with ﬁrst data [9]. At the LHC, the
Z ′ boson that appears in the E6 inspired models can be discov-
ered if it has a mass below 4–4.5 TeV [19]. The determination of
its couplings should be possible if MZ ′  2–2.5 TeV [20].
When the Yukawa couplings κi of the exotic fermions Di and
Di have a hierarchical structure, some of them can be relatively
light so that their production cross section at the LHC can be com-
parable with the cross section of tt¯ production [9]. In the E6SSM,
the Di and Di fermions are SUSY particles with negative R-parity
so they must be pair produced and decay into quark–squark (if di-
quarks) or quark–slepton, squark–lepton (if leptoquarks), leading to
ﬁnal states containing missing energy from the LSP.
The lifetime and decay modes of the exotic coloured fermions
are determined by the Z H2 violating couplings. If Z
H
2 is broken
signiﬁcantly the presence of the light exotic quarks gives rise to
a remarkable signature. Assuming that Di and Di fermions cou-
ple most strongly to the third family (s)quarks and (s)leptons, the
lightest exotic Di and Di fermions decay into t˜b, tb˜,
¯˜tb¯, t¯ ¯˜b (if they
are diquarks) or t˜τ , tτ˜ , b˜ντ , bν˜τ (if they are leptoquarks). This can
lead to a substantial enhancement of the cross section of either
pp → tt¯bb¯ + EmissT + X (if diquarks) or pp → tt¯τ τ¯ + EmissT + X or
pp → bb¯+ EmissT + X (if leptoquarks). Notice that SM production of
tt¯τ+τ− is (αW /π)2 suppressed in comparison to the leptoquark
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The cross section of DD production at the LHC as a function of the masses of exotic quarks. For simplicity we assume that three families of exotic quarks have the same
masses.
μD [GeV] 300 400 500 700 1000 1500 2000 3000
σ(pp → DD) [pb] 76.4 17.4 5.30 0.797 0.0889 4.94× 10−3 4.09× 10−4 3.51× 10−6decays. Therefore light leptoquarks should produce a strong signal
with low SM background at the LHC. In principle the detailed LHC
analyses is required to establish the feasibility of extracting the
excess of tt¯bb¯ or tt¯τ+τ− production induced by the light exotic
quarks predicted by our model.
We have already remarked that the lifetime and decay modes
of the exotic coloured fermions are determined by the Z H2 violating
couplings. If Z H2 is only very slightly broken exotic quarks may be
very long lived, with lifetimes up to about 1 s. This is the case, for
example, in some minimal versions of the model [13]. In this case
the exotic Di and Di fermions could hadronize before decaying,
leading to spectacular signatures consisting of two low multiplicity
jets, each containing a single quasi-stable heavy D-hadron, which
could be stopped for example in the muon chambers, before de-
caying much later.
In Table 2 we estimate the total production cross section of ex-
otic quarks at the LHC for a few different values of their masses
assuming that all masses of exotic quarks are equal (i.e. μDi = μD )
and all sparticles as well as other new exotic particles are very
heavy. The results in Table 2 suggest that the observation of the
D fermions might be possible if they have masses below about
1.5–2 TeV [9].
Similar considerations apply to the case of exotic D˜i and D˜i
scalars except that they are non-SUSY particles so they may be
produced singly and decay into quark–quark (if diquarks) or quark–
lepton (if leptoquarks) without missing energy from the LSP. It is
possible to have relatively light exotic coloured scalars due to mix-
ing effects. The RGEs for the soft breaking masses, m2
D˜i
and m2
D˜i
,
are very similar, with ddt (m
2
D˜i
− m2
D˜i
) = g′21 M ′21 , resulting in com-
paratively small splitting between these soft masses. Consequently,
mixing can be large even for moderate values of the A0, lead-
ing to a large mass splitting between the two scalar partners of
the exotic coloured fermions.4 Recent, as yet unpublished, results
from Tevatron searches for dijet resonances [21] rule out scalar di-
quarks with mass less than 630 GeV. However, scalar leptoquarks
may be as light as 300 GeV since at hadron colliders they are
pair produced through gluon fusion. Scalar leptoquarks decay into
quark–lepton ﬁnal states through small Z H2 violating terms, for ex-
ample D˜ → tτ , and pair production leads to an enhancement of
pp → tt¯τ τ¯ (without missing energy) at the LHC.
In addition, the inert Higgs bosons and Higgsinos (i.e. the ﬁrst
and second families of Higgs doublets predicted by the E6SSM
which couple weakly to quarks and leptons and do not get VEVs)
can be light or heavy depending on their free parameters. The
light inert Higgs bosons decay via Z H2 violating terms which are
analogous to the Yukawa interactions of the Higgs superﬁelds, Hu
and Hd . One can expect that the couplings of the inert Higgs
ﬁelds would have a similar hierarchical structure as the cou-
plings of the normal Higgs multiplets, therefore we assume the Z H2
breaking interactions predominantly couple the inert Higgs bosons
to the third generation. So the neutral inert Higgs bosons de-
4 Note that the diagonal entries of the exotic squark mass matrices have substan-
tial negative contributions from the U (1)N D-term quartic interactions in the scalar
potential. These contributions reduce the masses of exotic squarks and also con-
tribute to their mass splitting since the U (1)N charges of Di and Di are different.Table 3
The “early discovery” cE6SSM benchmark points.
A B C D E
tanβ 3 10 10 10 30
λ3(MX ) −0.465 −0.37 −0.378 −0.395 −0.38
λ1,2(MX ) 0.1 0.1 0.1 0.1 0.1
κ3(MX ) 0.3 0.2 0.42 0.43 0.17
κ1,2(MX ) 0.3 0.2 0.06 0.08 0.17
s [TeV] 3.3 2.7 2.7 2.7 3.1
M1/2 [GeV] 365 363 388 358 365
m0 [GeV] 640 537 681 623 702
A0 [GeV] 798 711 645 757 1148
mD˜1 (3) [GeV] 1797 628 1465 1445 393
mD˜2 (3) [GeV] 1156 1439 2086 2059 1617
μD (3) [GeV] 1466 1028 1747 1747 1055
mD˜1 (1,2) [GeV] 1797 628 520 370 393
mD˜2 (1,2) [GeV] 1156 1439 906 916 1617
μD (1,2) [GeV] 1466 1028 300 391 1055
|mχ06 | [GeV] 1278 1052 1054 1051 1203
mh3 
 MZ ′ [GeV] 1248 1020 1021 1021 1172|mχ05 | [GeV] 1220 993 992 994 1143
mS (1,2) [GeV] 1097 908 1001 961 1093
mH2 (1,2) [GeV] 468 479 627 561 704
mH1 (1,2) [GeV] 165 154 459 345 220
μH˜ (1,2) [GeV] 249 244 233 229 298
mu˜1 (1,2) [GeV] 893 788 911 845 929
md˜1 (1,2) [GeV] 910 807 929 862 945
mu˜2 (1,2) [GeV] 910 807 929 862 945
md˜2 (1,2) [GeV] 975 850 964 903 998
me˜2 (1,2,3) [GeV] 874 733 849 796 900
me˜1 (1,2,3) [GeV] 762 631 765 708 804
mb˜2 [GeV] 974 841 955 894 890
mb˜1 [GeV] 758 668 777 712 694
mt˜2 [GeV] 821 734 829 772 773
mt˜1 [GeV] 493 433 546 474 463
|mχ03 | 
 |mχ04 | 
 |mχ±2 | [GeV] 832 684 674 685 803
mh2 
mA 
mH± [GeV] 615 664 963 720 593
mh1 [GeV] 114 115 115 114 119
mg˜ [GeV] 336 330 353 327 338
|mχ±1 | 
 |mχ02 | [GeV] 107 103 109 101 103|mχ01 | [GeV] 59 58 61 57 58
cay predominantly into 3rd generation fermion–anti-fermion pairs
like H01,i → bb¯. The charged inert Higgs bosons also decay into
fermion–anti-fermion pairs, but in this case it is the antiparti-
cle of the fermions’ EW partner, e.g. H−1,i → τ ν¯τ . The inert Higgs
bosons may also be quite heavy, so that the only light exotic parti-
cles are the inert Higgsinos. Similar couplings govern the decays of
the inert Higgsinos; the electromagnetically neutral Higgsinos pre-
dominantly decay into fermion–anti-sfermion pairs (e.g. H˜0i → t ˜¯t
∗
,
H˜0i → τ ˜¯τ
∗
). The charged Higgsinos decays similarly but in this case
the sfermion is the SUSY partner of the EW partner of the fermion
(e.g. H˜+i → t ˜¯b
∗
, H˜−i → τ ˜¯ν
∗
τ ).
5.2. Early discovery benchmarks
5.2.1. The benchmark input parameters
In Table 3 we present a set of “early discovery” benchmark
points, each associated with a Z ′ gauge boson mass close to 1 TeV
454 P. Athron et al. / Physics Letters B 681 (2009) 448–456Fig. 2. Spectra for the “early discovery” benchmark points A (top left), B (top right), C (middle left), D (middle right) and E (bottom centre).which should be discovered using ﬁrst LHC data. The ﬁrst block
of Table 3 shows the input parameters which deﬁne the bench-
mark points. We have selected s = 2.7–3.3 TeV corresponding to
MZ ′ = 1020–1250 GeV, where MZ ′ ≈ g′1sQ S with Q S = 5/
√
40
and g′1 ≈ g1. We have also restricted ourselves to (m0,M1/2) <
(700,400) GeV leading to very light gauginos, associated with the
three low gaugino masses Mi , and in addition a light stop and
Higgs mass. Note that for all the benchmark points the trilinearsoft mass is ﬁxed to lie in the range A0 = 650–1150 GeV in order
to achieve EWSB.
The benchmark points cover three different values of tanβ = 3,
10, 30. In each case we have taken |λ3| to be larger than λ1,2 = 0.1
(ﬁxed) at the GUT scale. In benchmark points A, B, E (correspond-
ing to tanβ = 3, 10, 30) we have taken the κi to be universal at the
GUT scale and large enough to trigger EWSB. Since the κi ’s control
the exotic coloured fermion masses, this implies that all the Di and
P. Athron et al. / Physics Letters B 681 (2009) 448–456 455Di fermions are all very heavy in these cases. However it is not
necessary for the κi ’s to be universal and these Yukawa couplings
may be hierarchical as for the quark and lepton couplings. To il-
lustrate this possibility we have considered two benchmark points,
C and D, both for tanβ = 10, in which κ3  κ1,2 at the GUT scale.
In these points C, D we have taken κ3 to be large enough to trig-
ger EWSB, while allowing κ1,2 to be low enough to yield light D1,2
and D1,2 fermion masses.
5.2.2. The benchmark spectra
The full spectrum for each of the benchmark points is given
in Table 3 and illustrated in Fig. 2. The benchmark points all ex-
hibit the characteristic SUSY spectrum described above of a light
gluino g˜ , two light neutralinos χ01 , χ
0
2 , and a light chargino χ
±
1 .
The lightest neutralino χ01 is essentially pure bino, while χ
0
2 and
χ±1 are the degenerate components of the wino. Since M1/2 <
400 GeV for all the points the (two-loop corrected) gluino mass
is below 350 GeV, and the wino mass just above the LEP2 limit of
100 GeV, while the bino is around 60 GeV in each case. The ques-
tion of the resulting cosmological dark matter relic abundance is
not considered in this Letter but one should not regard such points
with a light bino as being excluded by cosmology for reasons
that will be discussed later. The Higgsino states are much heavier
with the degenerate Higgsinos χ03,4 and χ
±
2 having masses given
by μ = λs/√2 in the range 675–830 GeV for all the benchmark
points. The remaining neutralinos are dominantly singlet Higgsi-
nos with masses approximately given by MZ ′ .
The Higgs spectrum for all the benchmark points contains a
very light SM-like CP-even Higgs boson h1 with a mass close to
the LEP limit of 115 GeV, making it accessible to LHC or even
Tevatron. The heavier CP-even Higgs h2, the CP-odd Higgs A0, and
the charged Higgs H± are all closely degenerate with masses in
the range 600–1000 GeV making them diﬃcult to discover. The re-
maining mainly singlet CP-even Higgs h3 is closely degenerate with
the Z ′ .
For benchmarks A, B, E (corresponding to tanβ = 3, 10, 30) we
have taken the κi to be universal and the exotic coloured fermions
have masses in the range 1–1.5 TeV. However, due to the mixing
effect mentioned previously, we ﬁnd a light exotic coloured scalar
with a mass of 393 GeV for point E and one at 628 GeV for B.
For benchmark points C and D, with κ3  κ1,2 at the GUT scale,
there are light exotic coloured fermions in the range 300–400 GeV,
together with a light exotic coloured scalar as before.
The inert Higgs masses may be very light depending on the
particular parameters chosen. For example, for benchmarks B and
E the lightest inert Higgs bosons of the ﬁrst and second gener-
ation have relatively small masses (mH1,i = 154 GeV and mH1,i =
220 GeV respectively). For all the benchmarks the inert Higgsinos
are light, as μH˜i = 230–300 GeV.
The lightest stop mass is in the range 430–550 GeV for all the
benchmark points, with the remaining squark and slepton masses
being all signiﬁcantly heavier than the stop mass but below 1 TeV.
Note that the gluino mass, being below 350 GeV, is always lighter
than all the squark masses for all the benchmark points.
6. Conclusions
We have discussed the predictions of a constrained version of
the exceptional supersymmetric standard model (cE6SSM), based
on a universal high energy soft scalar mass m0, soft trilinear mass
A0 and soft gaugino mass M1/2. We have seen that the cE6SSM
predicts a characteristic SUSY spectrum containing a light gluino,
a light wino-like neutralino and chargino pair, and a light bino-like
neutralino, with other sparticle masses except the lighter stop be-ing much heavier. In addition, the cE6SSM allows the possibility of
light exotic colour triplet charge 1/3 fermions and scalars, leading
to early exotic physics signals at the LHC.
We have focussed on the possibility of low values of
(m0,M1/2) < (700,400) GeV, and a Z ′ gauge boson with mass
close to 1 TeV, which would correspond to an early LHC discovery
using “ﬁrst data”, and have proposed a set of benchmark points to
illustrate this in Table 3 and Fig. 2. For some of the benchmarks
(C and D) there are exotic colour triplet charge ±1/3 D fermions
and scalars below 500 GeV, with distinctive ﬁnal states as dis-
cussed in Section 5.1.2. All the benchmark points have a SM-like
Higgs close to the LEP2 limit of 115 GeV with the rest of the Higgs
spectrum signiﬁcantly heavier. The inert Higgs bosons may be rel-
atively light, but will be diﬃcult to produce, having zero VEVs and
small couplings to quarks and leptons. The lightest stop mass is
in the range 430–550 GeV for all the benchmark points, with the
remaining squark and slepton masses being all signiﬁcantly heav-
ier than the stop mass but below 1 TeV. The gluino mass is very
light, being below 350 GeV in all cases, and in particular is lighter
than the stop squark for all the benchmark points. The chargino
and second neutralino masses are just above the LEP2 limit of
100 GeV, while the lightest neutralino is around 60 GeV.
We have not considered the question of cosmological cold dark
matter (CDM) relic abundance due to the neutralino LSP and so
one may be concerned that a bino-like lightest neutralino mass
of around 60 GeV might give too large a contribution to ΩCDM.
Indeed a recent calculation of ΩCDM in the USSM [22], which in-
cludes the effect of the MSSM states plus the extra Z ′ and the
active singlet S , together with their superpartners, indicates that
for the benchmarks considered here that ΩCDM would be too large.
However the USSM does not include the effect of the extra inert
Higgs and Higgsinos that are present in the E6SSM. While we have
considered the inert Higgsino masses given by μH˜α = λαs/
√
2, we
have not considered the mass of the inert singlinos. These are gen-
erated by mixing with the Higgs and inert Higgsinos, and are thus
of order f v2/s, where f are additional Yukawa couplings that we
have not speciﬁed in our analysis. Since s  v it is quite likely
that the LSP neutralino in the cE6SSM will be an inert singlino
with a mass lighter than 60 GeV. This would imply that the state
χ01 considered here is not cosmologically stable but would decay
into lighter (essentially inert) singlinos. Such inert singlinos can
annihilate via an s-channel Z-boson, due to their doublet com-
ponent, yielding an acceptable CDM relic abundance, as has been
recently been demonstrated in the E6SSM [23]. The question of the
calculation of the relic abundance of such an LSP singlino within
the framework of the cE6SSM is beyond the scope of this Letter
and will be considered elsewhere. In summary, it is clear that one
should not regard the benchmark points with |mχ01 | ≈ 60 GeV as
being excluded by ΩCDM.
To conclude, in this Letter we have argued that the cE6SSM is
a very well motivated SUSY model and leads to distinctive predic-
tions at the LHC. We have presented sample benchmark points for
which not only the Higgs boson, but also SUSY particles such as
gauginos and stop, and even more exotic states such as a light Z ′
and colour triplet charge ±1/3 D fermions and scalars, could be
just around the corner in early LHC data. If such states are discov-
ered, this would not only represent a revolution in particle physics,
but would also point towards an underlying high energy E6 gauge
structure, providing a window into string theory.
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